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Abstract

A tetrameric cubane-like complex [Q3-O)4(n-CsHsCO,)4(4-CNpy)] (1) has been prepared and characterised by various physicochem-
ical techniques. Single crystal X-ray crystallographic studies on an analogous compou(etfOi(-CHzCO,)4(py)4] (1) supports the
presence of the [C,(3-O)4] cubane core ih. Complexl was examined as a catalyst for the homogeneous air oxidatiespfene under
atmospheric pressure. Both temperature and catalyst concentration affect the reaction rate. High selectivity (62-<68¥¢tieroxide
formation is observed.
© 2004 Published by Elsevier B.V.
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1. Introduction nitrate or acetate needed TBHP or glacial acetic acid as
an activator[4,5]. Effect of solvent on the product distri-
Oxyfunctionalization of cyclic olefins is of industrial im-  bution for the autoxidation of monoterpenes has also been
portance due to the possibility of transforming cheap and reported6]. In acetonitrile, a slow autoxidation occurs lead-
readily available substrates to valuable intermediates for fineing to equal amounts of epoxidation and allylic oxidation
chemical synthesis. Terpenes, which are widely distributed products, while products of substrate isomerization were ob-
in nature, are of particular importance from the fact that their served in acetic acid. Similar retarding influence was also
oxidation products—terpenic aldehydes, alcohols and estersreported for benzene, chlorobenzene and dichloromethane
find use as the starting product for fragrance, flavour and [7].
therapeutic agent. Since the structure of monoterpenes has a considerable
Several reports on autoxidation of monoterpenes includ- effect on the product distribution, ligand tuning as demon-
inga-pineneB-pinene and limonene in presence of cobalt(ll) strated for cobalt Schiff base cataly§&9] can play an
salts have appeared recenfli~6]. Most of these studies important role in the outcome of the reaction. In this re-
use environmentally unacceptable bromide ion promoters gard, oligonuclear oxo-bridged cluster complexes of tran-
and/or acetic acid media resulting in complex mixtures of sition metals may also provide a fundamental basis for the
oxygenated derivatives with very low selectivities. Autoxida- study of redox and ligand substitution reactions vital to metal
tion of a-pinene with Co(OAc)/NaBr in presence of acetic  catalysed autoxidation processes. Although trinuclear oxo-
acid gave verbenone, myretenal anahsverbenyl acetate  centred complexes of cobalt and manganese have been in-
as the main product®] in 10, 20 and 29% selectivity, re- vestigated10,11] more thoroughly as oxidation catalysts,
spectively. Air oxidation ofx-pinene with Co(ll) pyridine a couple of cubane-like complexes of manganese have also
complexes under solvent-free conditions led to allylic ox- been found to catalyse the oxidation of a variety of organic
idation products, while air oxidation by cobalt(ll) halide, substrates with TBHP as the oxidai2]. These mixed-
valent cluster complexes exhibit both oxygen atom trans-
* Corresponding author. Tel.: +91 361 570 535; fax: +91 361570 133, fer and hydrogen atom abstraction in catalytic oxidation
E-mail addressdasbk@rediffmail.com (B.K. Das). reactions.
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In this paper we describe a process that uses a Co(lll) 1490(s), 1383(vs), 1220(m), 1176(m), 1066(w), 1026(m),
based catalyst related to a reported heterogeneous catalys233(m), 794(w), 765(w), 722(s), 695(m), 637(m), 593(m)
effective for the autoxidation of alkylaromati§3] for the and 579(m) [vs, very strong; s, strong; m, medium; w, weak].
oxidation ofa-pinene to its oxygenated products. Novelty of
our process liesin t'he fact that the metal species is already in2_2_ Air oxidation ofx-pinene
the catalytically active +3 state and also because the complex
contains a pyridine ligand. Since the Co(ll) to Co(lll) oxida-
tion is a rate limiting step, presence of pyridine as a ligand .
accelerates the rate by stabilising the higher oxidation state
of the metal.

A typical air oxidation ofa-pinene was carried out in a
ound-bottomed flask equipped with a reflux condenser, a gas
inletand a magnetic pellet. A definite amount of catalysis
suspended in the reaction mixture consistingugfinene in
40 mL of 1,4-dioxane. Air (15 mL/min) was bubbled through
the stirred reaction mixture. Samples of the reaction mixture
were withdrawn at different time intervals for GC analysis.
Air oxidation products were identified by GC-MS and also

All matenalls used in this WOI’k. were optalngd by comparing them with authentic samples.
from commercial sources and used without purification.

Co(NGs)2-6H,O and hydrogen peroxide were purchased
from E. Merck (India). Both 4-cyanopyridine ardpinene
were purchased from Aldrich Chemical Company (USA).
Sodium salt of benzoic acid (SRL, India) was prepared by
neutralising the acid with sodium hydroxide and the salt ob-
tained by evaporation was further purified by recrystalliza-
tion. Methanol used was of reagent grade. Infrared spectra in
the mid-IR region (4000—-450 cm) were recorded using a
Perkin EImer RX1 FT-IR spectrophotometer for KBr pellets.
UV-vis spectra were recorded on a Perkin Elmer Lambda 40
spectrophot(_)meter. Electrochemical studies were performed -2+ + CgHsCO, ™ + 4-CNpy

under N environmenton a BAS 100B Electrochemical Anal-

yser using a three-electrode cell assembly. A glassy carbon  H2%2 CaY! (13-0),4(n-02CCsHs)4(4-CNpy)

disc was used as working electrode with Ag—AgCl as the ref- ~ MeOH

erence electrodéH NMR spectrum was recorded on a JEOL

270 MHz instrument. GC data were obtained on a Varian  This compound may also be prepared &t@@vithout sac-
3800 gas chromatograph, while for GC-MS data a Finnigan rificing either yield or purity. The substituted pyridine ligand

2. Experimental

3. Results and discussion

3.1. Synthesis and characterization of
[Co4(u3-0)a(j-O2CCsHs)4(4-CNpy}] (1)

The tetrameric cobalt(lll) complex was prepared by oxi-
dising cobalt(ll) ions in the presence of the N-donor ligand
4-cyanopyridine and benzoate ions

MAT Magnum instrument was used. stabilises the +3 oxidation state of cobalt to facilitate the for-
mation of complex. Recrystallization of the compound from

2.1. Preparation of [C@(u3-O)4(1u-O2CCsHs) a dichloromethane/petroleum ether mixture leads to a sol-

4(4-CNpy)]-2CHxClx(1) vated product containing two molecules of &F,. The iso-

lated crystals lose crystallinity with time, probably due to the

Co(NG3)2-6H20 (2.90g, 10 mM) and sodium benzoate loss of solvent. This prevented us from analysing the crystals
(2.88 g, 20 mM) are stirred in methanol (45 mL) and heated to with single crystal X-ray diffraction. The olive green product
refluxing temperature and 4-cyanopyridine (1.04 g, 10mM) was characterised by vibrational, electroftid, NMR spec-
is added to the stirred reaction mixture. The 30% hydrogen troscopy and cyclic voltammetry.
peroxide (v/v, 6 mL;~60 mM) is slowly added to the reaction The Co(lll) complex|) is substitutionally inert; the struc-
mixture and stirring under refluxing condition is continued ture of the complex is retained for a long time after it is dis-
for 4h. The olive green compound precipitating out is fil- solved in a solvent. The diamagnetic nature of complix
tered from the cooled reaction mixture. The compound is evident from its'tH NMR spectrum where the aromatic pro-
then recrystallized from a mixture of dichloromethane and tons belonging to the benzoato and 4-cyanopyridine ligands
petroleum ether (60-80 fraction). It is dried in a vacuum appear atexpected positions. The complex has also been stud-
desiccator over fused calcium chloride. Yield: 2.07 g (70%). ied by infrared and UV—vis spectroscopy. In its IR spectrum,
Anal. calcd. for G4H4oNgO12Cl4Co4: C, 46.39; H, 3.01; it is possible to identify bands due to the bridging benzoate
N, 7.45%. Found: C, 47.29; H, 2.92; N, 8.17%1 NMR anions as well as for the pyridyl-N bound 4-cyanopyridine
(270 MHz; DMSO-0}): 89.06(d, 8H)$ 8.13-8.17(m, 16 H),  ligands. The separation of the asymmetric and symmetric
8 7.68-7.84(m, 12H) [d, doublet; m, multiplet]. UV-vis stretching vibrationsigsym — vsym = Av =139 cnrl) of the
spectral data: (CkCl) Amax 629nm ¢ = 511 M- 1cm™1), carboxyl group is consistent with this ligand bonding in a
446 nm (sh), 351 nm (sh). IR spectral data (KBp)ax(cm™1) bridging fashion. A weak but sharp band at 2239¢rndi-
3020(w), 2900(w), 2239(m), 1610(m), 1590(m), 1523(s), cates the presence of 4-cyanopyridine ligand.
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3-2_ ' ' o ' ' ' ] on the complex [Cg(3-0)a(pn-O-CCHz)2(2,2-bipy),]%,
151 / ] which is structurally related to complék, [Cos(j3-O)a(j-
10 p E 0O2CCHg)a(py)a] (please see below), indicates that their com-
v 02: : plex containing a cubane-like ‘GQu3-O)4’ core is oxi-
Do f/ ] dised to [CH'Cd" Cd" CaV (u3-O)4]. This is contrary to
=104 : the popular belief that in cobalt-catalysed oxidations the ox-
§ 154 ] idation states of cobalt cycle between +2 and +3. Neverthe-
5 gg 3 ﬁ ] less, such favourable electrochemical reduction potentials for
301 / i complexes andll (Ei2 = 0.89V versus Ag/AgCl) make
3.5 v ] these compounds interesting candidates for use as catalysts
:Z'g f | . ' ' ' . ' . for the oxidation of organic substrates. More importantly, be-
46 14 12 10 08 068 04 02 0 02 cause the reduced and oxidised species can go from one state
Potential / V to the other reversibly it may be possible to use the catalyst

Fio. 1. Cvelicvolt for a Gl solution of dat repeatedly for redox catalysis.
ig. 1. Cyclic voltammogram for a C#€l, solution of compountiata scan i )
rate of 100 mV s* with tetrabutylammonium perchlorate as the supporting The analogous cubane-like cluster complex 4@

electrolyte. 0)a(1-O2CCHg)a(py)a] (II) prepared by us was charac-
terised by single crystal X-ray diffraction. Single crystal X-
Three visible spectral bands were observed for the com- ray diffraction measurements dinwere made with a Bruker
plex 1, the band at 629 nm and the shoulder at 446 nm are SMART-CCD diffractometer employing graphite monochro-
attributable to spin-allowed d—d transitioh®&;q— 1T14and matised Mo K radiation ¢ = 0.7107A). Crystallographic
1A14— 1Toq respectively for low-spin Co(lll) complexes data are: triclinic, B = 10.196(2)A, b = 11.262(3], ¢ =
[14], while the band at 351 nm is characteristic of a ligand to 34.539(8, « = 87.55(5), 8 = 89.75(4Y, y = 76.91(4),
metal charge transfer transition involving thg-O-Co(lll) V = 385943, z= 4, R1 = 0.2260 for 13,101 > 4o(Fo)]
moiety present in complelx The corresponding absorptions reflections and 0.2446 for all 16560 data. The high residuals
for complexll also appear at similar positions. obtained for the structure are likely to be due to poor quality
The cyclic voltammogram obtained for a @€l so- of the crystal (intensity data) used. However, apart from
lution of | shows Fig. 1) a nearly reversible reduction non-hydrogen atoms included in the molecular structure,
with E;/> = 0.80 versus Ag/AgCI. It is imperative that the there were no significant electron density peaks chemically
tetrameric [C8' Cd" Cd" Cd" (u3-0O)4] core undergoes a  assignable to any other atoms. This proves the essential
one-electron reduction to form a species containing the re- correctness of the molecular structure. A molecular structural
duced [Cd' Cd"' Cd'"' Cd' (u3-O)4] core, which is also sta-  diagram of comple} is shownirFig. 2 The asymmetric unit
ble. However, arecentreport by Christou and co-worKesk of the crystal structure consists of two isolated molecules of

Fig. 2. An ORTEP diagram of [Gej3-O)a(1-O2CCHa)a(NCsHs)a] (11 ).
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R actions involve free radical intermediates and are competing
/\ processes. Occurrence of either the former or the latter mech-

L o o L anism is not only related to the nature and oxidation state of
/ the metallic species, but it also depends on the nature of the

o\ olefin used as well as the relative stability of the radicals

- — \C‘\
R o /L ? formed.
Verbenone, an allylic oxidation product efpinene, is

O7°° o] R used as a building block of tax@l8] and thus we decided
to explore the oxidation af-pinene catalysed by compléx
which is more soluble than complék in organic solvents.
As will be seen from the results described below, the reaction
has led to both epoxidation and allylic oxidation products
Fig. 3. Proposed structure of compléxwhere L = 4-CNpy and R = §Hs. (Scheme }, with preference for the former.

I, although we have presented only one tetrameric molecule3.2.1. Effect of reaction temperature

in the figure. Geometrical parameters for both molecules, The effect of reaction temperature was studied by adding
within experimental errors, are comparable. Four each of a known amount of catalyst)((25mg, 0.08 mol%) to the
cd' and @~ ions presentin the alternate corners of the cube reaction mixture ofx-pinene (3.97 mL, 25 mmol) in 40 mL
form an approximate cube-like core in this complex. The ox- of 1,4-dioxane and by passing air (15mL/min) through it.
ide anions thus act gss-bridging ligands. The structure has The reaction mixture was then heated to 60, 80 or°I)0
four cobalt atoms and four oxygen atom&(Qons) occupy- respectively, and the progress of the reaction was monitored
ing the corners of an approximate cube. Pyridine ligands oc- by GC. Results are shown ifable 1 Our results show that
cupy the most outlying sites on the octahedral Co(lll) centres. an increase in the reaction temperature accelerates air oxida-
All four cobalt atoms are thus in the +3 oxidation state and as tion of a-pinene with the highest conversion of 66.8% being
expected for B-Co®t ions, the metal centres adopt low-spin  observed at 100C after 24 h. In all the three temperatures air
diamagnetic configurations under the octahedral ligand oxidation commenced quickly with a preferential formation
environment. The average C® and Ce-N distances are  of a-pinene oxide over other oxidation products.

1.87 and 1.93; two types Co - - Co distances close to 2.70

and 2.81A are also observed as in the previously determined 3.2.2. Effect of catalyst concentration

structures of cobalt(lll) complexes having a $@3-O)4’ To optimize the catalyst requirement in the air oxidation of
core of a substantially distorted cubic geomqfr§,17] We a-pinene, the catalyst concentration was varied between 0.01
believe that complex, prepared under similar conditions and 0.5mol%. To a reaction mixture afpinene (3.97 mL,
with complex I, showing similar physicochemical char- 25mmol) in 40 mL of 1,4-dioxane an appropriate amount
acteristics with the latter also has an analogous molecularof catalyst was added and then air (15 mL/min) was bubbled
structure Fig. 3) with four 4-cyanopyridine ligands replac- through it. Periodically, samples were taken out and analysed
ing the sites occupied by pyridine ligands lin In view by GC. The results have been plottedFig. 4 The highest

of the fact that the nitrile vibration in the 4-cyanopyridine substrate conversion in the reactions is 81.4% with a turnover
ligand occurs at 2239 cnt, which is close to that of uncoor-  frequency (TOF) of 105 after 24 h, while the selectivities for
dinated 4-cyanopyridine (2243 cth), the coordination has  the epoxidation producty-pinene oxide, are in he range of
most likely occurred through the pyridyl end as observed 62-68%. It can be seen that conversion and product yields

inll. are the highest when catalyst concentration is the lowest.
This is in conformity with an earlier report where higher
3.2. Catalysed air oxidation af-pinene concentration of catalyst led to slower air oxidationoof
pinene[4].
Catalytic oxidation of olefins proceeds through two impor- In all our experiments, oxidation @f-pinene yieldedx-

tant pathways: epoxidation and allylic oxidation. Epoxidation pinene oxide as the main product, together with verbenol
involves an electrophilic attack on the double bond while al- and verbenone as the other products. Rearrangement of
lylic oxidation results from allylic H-abstraction. Both re- pinene oxide also produced a minor amount-afampholene

Catalyst I, A
A|r (15mL/min)

o-pinene o-pinene oxide Verbenol Verbenone

Scheme 1.



Table 1
Effect of reaction temperature enpinene oxidation by compleixunder atmospheric pressére
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Reaction Conversion (%) Composition of product mixture (%)
temperature®C
P © a-Pinene oxide Verbenol Verbenone Other products
60 697 35 1.28 219 0
80 3062 973 5.07 9 7.92
100 6684 3143 4.76 1519 1546

@ Conditions—e:-pinene: 3.97 mL (25 mmol); catalyst: 25 mg (0.08 mmol); 1,4-dioxane: 40 mL; oxidant: air (15 mL/min); reaction time = 24 h.

aldehyde, a ring contracted aldehyde, typical of monoterpeneof a-pinene oxide indicating that the rate of rearrangement of
oxides under the influence of a Lewis acid. In all cases max- epoxide had taken precedence over epoxidation. Steady in-
imum yield of epoxide was observed after 24 h; prolonging crease in the amount of verbenone beyond 24 h is significant
the reaction to 46 h led to the steady decrease in the amounfrom the fact that, at that stage the allylic oxidation pathway
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Fig. 4. Effect of catalyst concentration (0.01, 0.08 and 0.5mol%) on air
oxidation ofa-pinene after 24 h.

becomes more pronounced than the epoxidation pathway.

In contrast to our results described above, Lajunen
and Koskinen[19] found verbenone, the allylic oxidation
product, to predominate both in solvent-free and liquid
phase reactions catalysed by Co(ll) complexes. Our results
indicate a marked preference for the epoxidised product
in all cases. The maximum conversion observed was over
81% with epoxide yield of over 48% at the end of 24h
with 0.01 mol% of catalyst. Epoxide yield and selectivity
observed with our catalyst are much higher compared to
other reports where either a co-oxidant or a promoter is
used along with a Co(ll) cataly§®]. Product selectivity for
a-pinene oxide is better with our catalyst compared even to
the rare instanc§/] where the epoxidation reaction takes
precedence over allylic oxidation i@-pinene autoxidation
processes catalysed by a variety of catalysts.

In absence of solvent only a small amounteepinene
oxide is detected in the reaction mixture after 24 h, which
is likely to be due to the skeletal rearrangement of epoxide
under the conditions used. This view is supported by the
fact that air oxidation of:-pinene oxide itself under similar
reaction conditions results in the formation of the rearranged
products, viza-campholene aldehyde atrdns-pinocarveol
along with other minor products. In acetonitrile the reaction
rate and product selectivities decrease significantly resulting
in approximately equal amounts of epoxidation and allylic
oxidation products. However, it is worth pointing out that
unlike in the instance where an induction period of 3h
is observed in acetonitrile at 10Q [4], we observed no
induction period prior to product formation. A conversion
of 11% was observed after 3 h. Use of 1,4-dioxane permits
us to avoid the concomitant rearrangement to attain 62—68%
selectivity for a-pinene oxide, which can be considered
significantly high for reactions involving free radicals. Good
solubility and stability of compleX in 1,4-dioxane also
provides an added advantage to use it as the solvent for the
homogeneously catalysed reactions.

Our studies also indicate that the nature of the metal com-
plex used as the catalyst for the oxidationoepinene does
not change too much at the end of the reaction. The isolated
used catalyst is also olive green in colour and it shows simi-
lar UV—vis absorption characteristics with complg¥kig. 5).

This indicates the stability of the catalyst under autoxidation
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